ABSTRACT The D site-binding protein (Dbp) supports the rhythmic transcription of downstream genes, in part by displaying high-amplitude cycling of its own transcripts compared to other circadian-clock genes. However, the underlying mechanism remains elusive. Here, we demonstrated that the poly(C) motif within the Dbp proximal promoter, in addition to an E-box element, provoked transcriptional activation. Furthermore, we generated a cell line with poly(C) deleted to demonstrate the endogenous effect of the poly(C) motif within the Dbp promoter. We investigated whether RNA polymerase 2 (Pol2) recruitment on the Dbp promoter was decreased in the cell line with poly(C) deleted. Next, assay for transposase-accessible chromatin (ATAC)-quantitative PCR (qPCR) showed that the poly(C) motif induced greater chromatin accessibility within the region of the Dbp promoter. Finally, we determined that the oscillation amplitude of endogenous Dbp mRNA of the cell line with poly(C) deleted was decreased, which affected the oscillation of other clock genes that are controlled by Dbp. Taken together, our results provide new insights into the function of the poly(C) motif as a novel cis-acting element of Dbp, along with its significance in the regulation of circadian rhythms.
FIG 1 Oscillation of
motif played a key role in its promoter activity (Fig. 2E ). Next, we triggered oscillation by synchronizing cells with dexamethasone to identify differences between wild-type and poly(C) mutant promoter activities using real-time luminescence. We found that the amplitude of luciferase expression by the poly(C) mutant was markedly decreased compared to that of the wild type (Fig. 2F) . Furthermore, we confirmed that the oscillation of an E-box mutant and a poly(C) mutant promoter was more disrupted than that of the promoter of the E-box-only mutant (Fig. 2G) . Also, the disruption of promoter oscillation by both the poly(C) and E-box mutations seemed very severe compared to that of the poly(C) mutation alone. This means that the poly(C) motif might not be the sole factor that drives rhythmicity, but an E-box element could also support its oscillation.
The poly(C) motif is important for RNA polymerase 2 recruitment because it induces greater chromatin accessibility. Next, using the CRISPR-Cas9 system, we designed an NIH 3T3 cell line with deletion of the poly(C) motif region within the Dbp promoter to elucidate the endogenous function of these genomic regions during Dbp mRNA oscillation (Fig. 3A) . After single-cell sorting by green fluorescent protein (GFP) selection, the cell with the poly(C) motif region deletion was expanded and confirmed by genotyping and sequencing in both forward and reverse directions (Fig. 3B) . We confirmed that the Dbp mRNA expression levels of cells with poly(C) deleted at 24 h after dexamethasone synchronization were decreased compared to that of wild-type cells (Fig. 3C) .
To identify transcriptional regulation of Dbp at the peak time, we measured the level of Pol2 binding during the peak time of Dbp mRNA oscillation. The control region of Pol2 chromatin immunoprecipitation (ChIP) was the promoter region of Camk2␣, which was previously reported to be encoded by a brain-specific gene (21) . The data showed that the Pol2 binding level of the Dbp region was decreased in cells with poly(C) deleted (Fig. 3D) .
Finally, to clarify the reason behind the reduced Pol2 binding level of Dbp in cells with poly(C) deleted, we utilized the assay for transposase-accessible chromatin (ATAC), along with real-time PCR. Interestingly, ATAC-quantitative-PCR (qPCR) data showed that chromatin accessibility levels were regulated by the poly(C) motif region depending on the circadian rhythm; however, the region of exon 4 of Dbp was not (Fig. 3E) . These results imply that Dbp mRNA oscillation might be facilitated by the modulation of chromatin accessibility mediated by poly(C) motif regions.
The oscillation of other clock genes regulated by Dbp was affected by the poly(C) motif within the Dbp promoter. Finally, we investigated the levels of other clock genes with D-box cis-acting elements in the promoter during the knockdown of Dbp. It has been reported that Per genes, Rev-erb genes, and RAR-related orphan receptor (Ror) contain D-box elements (6, 7, 22, 23) . Therefore, we triggered a circadian rhythm by dexamethasone synchronization to identify the effect of Dbp. First, we assessed endogenous Dbp mRNA oscillation during the knockdown of Dbp to demonstrate regulation by Dbp and compared it to that of Bmal1 and Cry1 mRNAs. Cells transfected with the Dbp small interfering RNA (siRNA) pool showed a decrease in Dbp mRNA oscillation amplitude compared to the control siRNA-transfected group (Fig. 4A) . Furthermore, when we compared the oscillation amplitudes of Bmal1 and Cry1 during knockdown of Dbp, they showed only a marginal difference compared to the control siRNA-transfected group (Fig.  4A) . Next, we found that knockdown of Dbp dramatically changed the rhythmic mRNA expression levels of the D-box-regulated genes, such as Per2, Rev-erb␣, and Ror␤, compared to relatively small changes in Cry1 and Bmal1 (Fig. 4A ).
FIG 1 Legend (Continued)
that a significant regulatory motif exists within these regions (https://www.ensembl.org/). Blue, aligned region; white, not aligned. (B) A promoter assay was conducted 24 h after dexamethasone synchronization. P3, P4, P6, wild-type (WT), and WT(Long) promoter regions showed significant promoter activities, which suggested that the region between bp Ϫ300 and Ϫ400 from the TSS is a critical promoter region. In contrast, other promoter regions had relatively little impact on promoter activity. (n ϭ 3; *, P Ͻ 0.05 by two-way ANOVA followed by Tukey's multiple-comparison test). The bars indicate means and SEM. (C) Representative detrended bioluminescence recordings from WT:LUC, P2:LUC, and P3:LUC (plasmid constructs carrying the WT, P2, and P3 promoters, respectively, expressing luciferase), transiently transfected into an NIH 3T3 cell line that was synchronized with dexamethasone, suggesting that the regions between Ϫ300 and Ϫ400 from the TSS could be crucial to the high amplitude of Dbp oscillation.
FIG 2
The poly(C) motif is critical for Dbp promoter activity. (A) The poly(C) motif (or CCT motif) was scanned in the region between bp Ϫ300 and Ϫ400 fromWe also confirmed that the oscillation amplitude of endogenous Dbp mRNA of the cell line with poly(C) deleted was decreased compared to that of wild-type cells (Fig. 4B) . Furthermore, we determined that Cry1 and Bmal1 mRNA oscillation of the cell line with poly(C) deleted was affected only slightly compared to that of wild-type cells (Fig. 4B) . Next, we demonstrated that mRNA oscillation of Rev-erb␣, Ror␤, and Per2 in the cell line with poly(C) deleted was disturbed (Fig. 4B ). These data suggest that the poly(C) motif within the Dbp promoter supports mRNA oscillation of Dbp and other clock genes that are controlled by Dbp.
Thus, we propose a model in which the high-amplitude oscillation of Dbp mRNA, which is mediated by the poly(C) motif, affects other clock genes regulated by Dbp (Fig. 4C ).
DISCUSSION
One of the main findings in this study is that high-amplitude Dbp mRNA oscillations are mediated by the poly(C) motif, which functions as a cis-acting element. Prior to this study, it was reported that the E-box element was the main regulator of rhythmic Dbp mRNA expression (11) (12) (13) (14) . Here, we uncovered an additional and novel regulating mechanism that maintains high-amplitude oscillation. We demonstrated that the poly(C) motif could indeed affect the circadian-rhythm oscillation of Dbp mRNA by acting as a cis-acting element, along with other complex regulating mechanisms.
First, we investigated the oscillation pattern of Dbp and compared it to those of other clock genes (data not shown). Next, we aligned the genomic region upstream of the TSS of Dbp among eutherian mammals to determine transcription-regulatory motifs (Fig. 1A) . This suggested that certain motifs within the aligned region could function as critical regulators of circadian rhythm in eutherian mammals. Furthermore, analysis of the promoter alignment using the MEME suite revealed a poly(C) motif that was predicted to be a transcriptional activator that may interact with other activator proteins (Fig. 2) . We confirmed the promoter activity and function of the poly(C) motif using luciferase reporter assays and the CRISPR-Cas9 system ( Fig. 2 and 3) . Thus, we found that the regulation of Dbp promoter activity was dependent on the poly(C) motif within the Dbp promoter.
Furthermore, we measured RNA polymerase 2 recruitment by the wild-type cell line and compared it to that of the cell line with the poly(C) motif deleted (Fig. 3D) . We found that the poly(C) motif within the Dbp promoter enhanced RNA polymerase 2 recruitment. Next, we confirmed the chromatin accessibility levels by using ATAC, which showed that the poly(C) motif increased the level of chromatin accessibility (Fig.  3E ). This may suggest that the poly(C) motif recruits unknown trans-acting factors or interacts with other chromatin regions.
Next, we measured the endogenous Dbp mRNA oscillation level of the cell line with the poly(C) motif deleted and compared it to that of the wild-type cell line (Fig. 4) . The result showed a decrease in the amplitude of Dbp mRNA oscillation in the cell line with the poly(C) motif deleted (Fig. 4B) . We also confirmed the mRNA oscillations of other clock genes regulated by Dbp in the cell line with the poly(C) motif deleted. In summary, we demonstrated that the poly(C) motif mediated mRNA oscillation of Dbp, which is critical for the maintenance of high-amplitude Dbp mRNA oscillation and that of other clock genes controlled by Dbp (Fig. 4C) .
Further studies may be conducted to unveil trans-acting factors, such as poly(C)-binding proteins (PCBPs), including hnRNP K, that bind to the poly(C) motif within the Dbp promoter region that could potentially function as transcriptional regulators. PCBPs are also known to have a role in posttranscriptional regulation and may have a combinatorial role in Dbp expression (30) . Thus, it would be interesting to further investigate the characteristics of the potential trans-acting factors, such as their rhythmic expression.
MATERIALS AND METHODS
Genome sequence analysis. Comparative Genomics in the Ensembl database was used for genomic alignment among eutherian mammals. We extracted the mouse genomic sequence (Genome Reference Consortium mouse build 38, patch 5 [GRCm38.p5]) of chromosome 7 (chr7) 45703747 to 45705246, which is the proximal promoter region (ϳ1.5 kb from the transcription start site) of Dbp, to align it with those of other species for identification of common regulatory sequence motifs. We were also able to extract a poly(C) motif-containing sequence from eutherian mammals from the Ensembl database.
Cell culture and drug treatment. NIH 3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (HyClone) and 1% antibiotics (WelGene) and maintained in a humidified incubator with 95% air and 5% CO 2 . The NIH 3T3 cells were synchronized by treatment with 100 nM dexamethasone in 12-well plates containing ϳ3.0 ϫ 10 5 cells per well. After 2 h, the medium was replaced with complete medium, and the cells were harvested every 4 h for each sample (24) .
Plasmids. To generate the pGL3 vector, which contains promoters of Dbp, we amplified the several forms of Dbp promoters (UCSC Genome Browser on Mouse Dec. 2011 [GRCm38/mm10] Assembly [https://genome.ucsc.edu/cgi-bin/hgTracks?dbϭmm10&lastVirtModeTypeϭdefault&lastVirtModeExtra Stateϭ&virtModeTypeϭdefault&virtModeϭ0&nonVirtPositionϭ&positionϭchr7%3A45705088 -45710203&hgsidϭ730668269_TXeBf0pczBFzSaLJqK28gRUluokM]) with forward and reverse primers using Pfu polymerase (Solgent, Daejeon, South Korea). The PCR products were digested with NheI and HindIII and then inserted into the pGL3 basic vector, yielding pGL3 with the short form of the Dbp promoter and pGL3 with the long form of the Dbp promoter, which was confirmed by sequencing. Serial deletion constructs (P1, P2, P3, P4, P5, and P6) and mutant constructs were cloned in the same way.
Motif search and prediction. We searched for motifs in the proximal promoter region of Dbp (chr7 45704683 to 45705246) (UCSC Genome Browser on Mouse Dec. 2011 [GRCm38/mm10] Assembly; https://genome.ucsc.edu) using a MEME algorithm that is able to discover novel and ungapped motifs (17, 18) . We selected the classic motif discovery mode and typed the genomic sequence of Dbp. For the site distribution, we selected "any number of repetitions" and allowed MEME to find three motifs. We searched critical motifs within the region by referring to the experimental promoter assay. The predicted functions were extracted with GOMo, which suggests the biological roles of designated motifs (25, 26) . The score is the geometric mean score of rank sum tests for the particular GO term. For the rank sum test, the scores of genes annotated with GO terms and the scores of genes not annotated with GO terms are compared. A P value is calculated for the enrichment of the GO term. The q value is the value of the minimum false-discovery rate (FDR), which is the ratio of false positives to total positive test results, to deem significant a given GO term. The specificity refers to how specific a GO term is within the GO hierarchy. The higher the specificity of a GO term is, the more likely the GO term is to have a specific role. A tilde on a specificity value shows that the value has been rounded and that it is not exact (25, 26) .
RNA extraction and quantitative PCR. Total RNA was extracted from NIH 3T3 cells using the TRI Reagent (Molecular Research Center, BioScience Technology). We treated RQ1 RNase-free DNase (Promega) after RNA quantification to remove contaminated DNA according to the manufacturer's instructions. RNA (1 g) was reverse transcribed using ImProm-II (Promega) according to the manufacturer's instructions. Endogenous mRNA levels were detected by quantitative real-time PCR using the Step One Plus real-time PCR system (Applied Biosystems) with Fast Start universal SYBR green master mix (Roche), as described previously (27) . Specific primer pairs for mouse Dbp (NM_016974.3), mouse Per2 (NM_011066.3), mouse Rev-erb␣ (NM_145434.4), mouse Ror␤ (NM_001043354.2), mouse Bmal1 (NM_007489.4), and mouse Cry1 (NM_007771.3) were used for real-time PCR (the primer sequences are shown in Table S1 in the supplemental material).
Luciferase assay. Firefly luciferase (FLUC) and Renilla luciferase activities were determined using the Dual-Luciferase reporter assay system created by Promega (Madison, WI) according to the manufacturer's instructions. Normalized FLUC activity was determined as the ratio of firefly luciferase activity to Renilla luciferase activity.
Real-time luminescence. NIH 3T3 fibroblasts (5 ϫ 10 5 ; ATCC) were plated in 35-mm dishes. The cells were transfected with 1 g of each Dbp-luciferase construct using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After overnight culture, 100 nM dexamethasone was added to the cells, and the cells were incubated for 2 h. The medium was then changed to DMEM without phenol red and 1 mM luciferin (Promega). A Lumicycle device (Actimetrics) was kept in the 37°C incubator to record measured luminescence for 3 or 4 days. Lumicycle analysis software (Actimetrics) was used for Lumicycle data analysis.
Generation of cell lines with the poly(C) motif region deleted. We used the pSpCas9(BB)-2A-GFP (PX458) plasmid obtained from Addgene (Addgene; 48138) for CRISPR-Cas9 experiments. We designed single guide RNA (sgRNA) sequences to delete poly(C) motif-containing regions within the Dbp promoter by using the online CRISPR design tool (http://crispr.mit.edu/) (19) . The sequences were as follows: target 1 Forward, 5=-CACCGCATTGGCCCGAAGTGGGTCA-3=, and Reverse, 5=-CTGACCCACTTCGGGCCAATGCAAA-3'; target 2 Forward, 5=-CACCGGCGGGACACTGACCTATATT-3=, and Reverse, 5=-CAATATAGGTCAGTGTCC CGCCAAA-3=. Then, genomic-DNA sequencing was performed with the following primers to confirm the genomic deletion: Forward, 5=-CTAGCTAGCCGATAGCACGCGCAAAGCCA-3=; Reverse, 5=-CCCAAGCTTGG CAAGAACCAATCACGTCT-3=.
ChIP assay. After fixation of 10 million NIH 3T3 cells with 1% formaldehyde at room temperature (RT) for 10 min, 0.125 M glycine was added for 10 min to quench the formaldehyde. Next, the fixed cells were suspended in 10 mM Tris-Cl [pH 8.0], 1 mM EDTA, 0.1% SDS, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail (Roche). Cross-linked cells were sonicated with a sonicator (VibraCell; Sonics) with 20 cycles of sonication (30 s) and resting (30 s) at an amplitude of 8. Sonicated chromatin was analyzed by agarose gel electrophoresis to ensure that DNA fragment sizes did not exceed 500 bp. Pol2 (8WG16; Abcam) was added to 750 l of chromatin and incubated at 4°C for 2 h with rotation; then, 30 l of protein G magnetic beads (Thermo; catalog no. 88848) was added to the chromatin-antibody mixture and incubated at 4°C overnight with rotation. The magnetic beads were Affymetrix; catalog no. 75831 400 ML) was added to the bead suspension, mixed vigorously by vortexing for 30 s, and centrifuged at 13,000 rpm for 15 min at room temperature. After centrifugation, the upper aqueous phase was transferred to a fresh 1.5-ml tube; 2 l of glycogen solution (Roche; catalog no. 10901393001), 20 l of 3 M sodium acetate, and 500 l of 100% ethanol were added; and the solution was incubated at Ϫ20°C overnight. DNA was pelleted by centrifuging at 13,000 rpm for 30 min at 4°C. The supernatant was carefully removed and discarded. The DNA pellet was washed with 700 l of 70% ethanol, and DNA was pelleted by centrifuging at 13,000 rpm for 15 min at 4°C. The supernatant was carefully removed and discarded, while the DNA pellet was air dried for 15 min at room temperature. The DNA was resuspended in 50 l of 1ϫ TE buffer (10 mM Tris-Cl [pH 7.5], 1 mM EDTA) and used for quantification by quantitative PCR (the primer sequences are shown in Table S2 in the supplemental material).
Transient transfection and RNA interference. The Neon transfection system (Invitrogen) was used for transient transfection as recommended by the manufacturer, and Metafectene (Bionex) was used according to the manufacturer's instructions. We transfected cells with 2 g of luciferase reporter plasmid and maintained the cells in 6-well plates. For Dbp knockdown, we transfected cells with 2 l of 20 M siRNA. We used specific siRNAs for Dbp-siGenome SMARTpool (Dharmacon) siRNAs D-046342-01 (target sequence, GAACUGAAGCCUCAACCAA), D-046342-02 (target sequence, GUCGAGAGAUGCAAGAA GA), D-046342-03 (target sequence, GUGCUGUGCUUUCACGCUA), and D-046342-04 (target sequence, GCGCAGGCUUGACAUCUAG)-to conduct the knockdown of Dbp.
ATAC-qPCR. The assay for transpose-accessible chromatin (ATAC) was performed as described previously (28) on three wild-type NIH 3T3 cell lines and three NIH 3T3 cell lines with poly(C) deleted. Libraries were generated using the Ad1_noMX, Ad2.13, Ad2.15, Ad2.16, and Ad2.17 barcoded primers based on the study by Buenrostro et al. (29) and were amplified for 6 or 7 total cycles. The libraries were purified with SPRI beads (AccuGene; catalog no. ACN01.450) to remove the remaining primer dimers. The libraries were quantitated by using Qubit (Thermo Fisher; catalog no. Q32854) (the primer sequences are shown in Table S3 in the supplemental material).
Statistical analysis. Graphs were plotted as means and standard errors of the means (SEM). Two-way analysis of variance (ANOVA) was used to conduct grouped analyses with multiple groups by Tukey's multiple-comparison test analyzed with PRISM software (GraphPad Software). We also used CircWave software (https://www.euclock.org/results/item/circ-wave.html), which could fit a sine wave to confirm the rhythmicity to be determined.
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